ABSTRACT Electrical and thermal management in nanodevices by means of carbon nanotube is highly promising. One main challenge toward CNT-based nanoscale electrical and thermal management devices is the development of effective strategies for reducing the bundle-bundle interface resistance. Here we report a novel strategy, based on the densification of CNT bundles 
Introduction
Nanoscale electrical and thermal transport are essential to the performance of many up-todate key devices such as phase change memory devices, heat assisted magnetic recording, thermal management of high power and nanoscale electronic and optoelectronic devices, and delivery vehicles for molecules in medical therapies and next-generation long distance electricity transport wires [ [1] - [4] ]. Carbon nanotubes (CNTs) have always attracted intensive interest in the above-mentioned applications due to their excellent thermal and electrical properties [[5] - [10] ]. Owing to extremely long mean free path (MFP) and ballistic transport nature, the electrical and thermal conductivities of individual CNT have very high theoretical values [[11] - [14] ]. In order to investigate the electrical conductivities of CNTs, four-probe technique [ [15] - [18] ], was successfully applied to thermal characterization in succession [ [19] - [23] ]. The obtained axial thermal conductivities ( ) of individual SWCNTs and MWCNTs also demonstrate competitive values, i.e. ~ 600-3000 W/mK for SWCNTs (range generally attributed to thermal contact resistance and uncertainty in diameter determination) and ~ 40-3000 W/mK for MWCNTs (range generally attributed to differences in defect concentration arising from the different synthesis methods) [[24] ], rivaling the up-to-date best thermal conductor diamond (3000 W/mK).
For practical applications, CNTs need to be assembled into macroscopic architectures; however the bulk electrical and thermal conductivities of CNT ensembles were found much lower than the individual values. A typical example is the CNT spun fiber, whose axial electrical conductivity is experimentally verified within the range 10 4 ~ 10 5 S/m [ [25] , [26] ] and thermal conductivity is barely 30 ~ 380 W/mK [ [6] , [27] , [28] ]. These one order of magnitude reductions in both electrical and thermal conductivities clearly retard efficient applications of CNTs. It was also reported that for light weighted high conductive CNT fiber, which is designed for fulfilling
European Space Agency's stringent space thermal control requirement in all phases of a space mission, the heat accumulation effect could raise the fiber temperature up to over 500 °C, leading to self-ignition that is more dangerous than the "blow out" of conventional metal wires [ [29] ].
Therefore, endeavor toward developing CNT fibers with remarkably improved electrical and thermal transport is urgently needed for future applications in relevant energy conservation and conversion, information technology and thermal management systems.
Generally, two culprits have been identified responsible for the reduced electrical and thermal conductivities at the bulk scale: inter-tube interface contact resistance, and high impurity content. Firstly, inter-tube contact within CNT fibers (CNTFs) induces large interfacial resistance, which is verified to be the main barriers for electron and phonon transport as it works as scattering sites for energy carries [ [30] , [31] ]. Secondly, the existence of impurities, such as amorphous carbon and catalytic particles, causes significant scattering, reducing both and .
Since impurities also inevitably exist for most CNT fabrication methods even after posttreatment, such as catalytic chemical vapour deposition (CVD), improving inter-bundle interface contact resistance is regarded as the most practical and effective approach to leverage overall electrical and thermal transport in CNTFs. Typically, poor inter-tube interfacial contact in CNTFs appreciably stem from large inter-bundle separation, which not only impedes interfacial transferring of electrons for electrical transport, but also weakens interfacial interaction of phonons for thermal transport. Therefore, modifying interfaces to break the limit of existing inter-tube spacing is supposed to be a rational solution to enhance interfacial electrical and thermal conduction. Some pioneering endeavours of ours [[32] - [36] ] and others [ [26] , [30] , [32] , [37] - [40] ] discovered that physical and chemical manipulations, specifically liquid infiltration into the internal spaces between contiguous bundles and bridging the interface with short covalently bonding molecules, respectively, could effectively improve the inter-bundle contact, resulting in significant increase in mechanical properties, such as the tensile strength. However, to the best of our knowledge, these manipulating mechanisms in inter-bundle interface have never been applied for the in-depth electrical and thermal design of efficient CNT assemblies, let alone quantitative tuning of electrical and thermal performance, which is highly anticipated for smart CNT assembly for future efficient energy system.
Motivated thus, we demonstrate a promising strategy that engineering the electrical and thermal transports in CNT fibers through programmable modulations the inter-bundle interface contact of CNTs. The exquisitely programming scheme is based on two engineering manipulation mechanisms, the densification of CNT bundles and the functionalization of interbundle interfaces. The results showed that a synergistic effect of densification and functionalization of CNTs can effectively enhance the electrical and thermal conductivities of CNTFs. Significantly, the mechanism of improved inter-bundle electrical and thermal conductance are studied in detail. Multiple experimental characterization techniques and theoretical model description are performed for understanding the improvement of inter-bundle interface contacts: (1) Densification of CNTs via polar solvents can decorate dipoles on the surface of CNTs, which will provide strong local Coulomb electrostatic cohesion between neighboring CNT bundles. It was found that this step can enhance both the electrical and thermal conductance nearly 2.8 times than non-densified counterpart. (2) The functional groups (FGs) modified on the surface of CNTs can serve as electron relays and channels to facilitate the interbundle charge transport. Also, the FGs can form stronger inter-bundle interactions than the van der Waals forces, which can further improve the interfacial thermal vibrations. It was found that this step can obtain up to 75% and 95% enhancement in thermal and electrical contact conductance, respectively. The progress made so far will guide further development in structure design of CNT-based nanoscale electrical and thermal management devices, in addition to fueling the exploration of such materials for high-performance nanodevices in energy conservation and conversion, information technology and medical therapy.
Fabrication and characterizations

Sample Preparation
Four densification and functionalization schemes for modifying inter-bundle interfaces were conceived and applied to the raw CNTFs spun out from CVD-grown identical vertically-aligned CNT arrays, which were mainly 2-3 walled and ≤6 nm in diameter [ [32] ]. A detailed description of the fabrication process can be found in previous publications of some of the co-authors [ [32] , [34] , [35] ]. Briefly, an infiltration process was set up at the end of the identical CNT sheet pulled out of the as-grown array. By drawing and twisting under the optimal spin condition, a long and uniform fiber with diameter ~10 m and twist angle <12° was obtained [ [32] ]. The first sample for densification manipulation was infiltration (I) using a polar protic solvent ethanol (E) to induce internal structure variation occurrence of local densification between CNT bundles, as shown in Fig. 1 . It is believed that both local dipole moments transferred from polar solvents to
CNTs and the capillary force during the evaporation of polar solvents contribute to the occurrence of CNT densification [ [32] , [33] , [37] ]. The ensuing sample is denoted as CNTF-E-I.
The second sample was also infiltration but replacing ethanol with ethylene glycol (EG), whose double highly polar OH groups resulted in more dipole-interactions. This sample is similarly denoted as CNTF-EG-I. The third and fourth samples employed a two-stage manipulation approach. The first stage was infiltration for forming local densification of CNT bundles and the second stage was acidization (A) for introducing covalent bonding linkers, typically short functional groups, to CNT sidewalls and ends (Fig. 1) . The third sample used ethanol as infiltration solvent and concentrated nitric acid (HNO3, 16M) as acidization solvent. This sample is therefore denoted as CNTF-E-I-A. The fourth sample was similar to the third one except that ethylene glycol was used to replace ethanol during the first infiltration process. And this sample is accordingly denoted as CNTF-EG-I-A. 
Analysis of Covalently Bonded Linkers
Our FT-IR experimental results showed four types of functional groups were successfully decorated on the surface of CNTs after the HNO3 acidization: hydroxyl (-OH), methyl (-CH3) / methylene(-CH2-), carbonyl (-C=O) [[35] ]. Furthermore, the concentration of oxygen atoms within functional groups for two acidized samples, i.e., CNTF-E-I-A and CNTF-EG-I-A, was analyzed by using X-ray photoelectron spectroscopy (XPS), which was performed on the Thermo Scientific ESCALab 250Xi using 200 W monochromated Al K radiation. The 500 m X-ray spot was used for XPS analysis. The base pressure in the analysis chamber was about 3×10 -10 mbar. Typically the hydrocarbon C1s line at 284.8 eV from adventitious carbon was used for energy referencing. Fig. 2A and 2B ). The remarkable growth of oxygen atoms (from ~6% to ~15%) together with attenuation of carbon atoms (from ~90% to ~78% ) after HNO3 acidization demonstrated that oxygen-containing functional groups were successfully introduced to carbon atoms. 
Microscopic Structure Parameters Characterization
The surface morphology of the four CNTFs studied was obtained from a HITACHI S-4300
field-emission scanning electron microscope (FESEM) and their diameters were also measured by using this apparatus. It can be clearly seen that acidization typically induced remarkable rough surface compared with that only treated by infiltration with polar solvents (see Fig. 3 ).
FESEM analysis shows the diameters of CNTFs are in the range from ~ 10.7 to 9.3 m, as
shown in Table 1 . The fiber diameter decreased slightly by ~0.5 m after ethylene glycol infiltration instead of ethanol and by ~1 m after the acidization, which suggested that there were distinguishable local densification degree for the two polar protic solvents and stronger inter-tube interaction than van der Waals forces after acidization. Owing to the thickness non-uniformity, an average value among several locations was used in the diameter analysis. The length of each sample was also determined by FESEM. Moreover, we present side-view FESEM of the four CNTF samples where the surface morphology and densification degree can be easily distinguished.
CNTF-E-I shows large tube waviness (Fig. 3A) inherited from the as-spun fiber owing to the rapid vaporization of ethanol. In contrast, CNTF-EG-I demonstrates greatly reduced tube waviness ( Two important microscopic structural parameters, the interlayer spacing d002 and the out-ofplane coherence length Lc were determined by using a Bruker D8 Focus polycrystal X-ray diffractometer. The CNT fiber samples were first pulverized in an agate mortar and pestle, and then pass through a 150 mesh standard sieve. After well mixed with 10-20 mass % standard silicon in the agate mortar, the mixture was homogeneously packed into a hole of 0.2 mm in depth on a glass holder. CuKa X-ray was used, where CuKb was Ni-filtered. The accelerating voltage and current applied to the X-ray tube was set to be 40 kV and 40 mA. A step-scanning with 0.02° interval was used to obtain the diffraction profile. The operations strictly follow the specification for a standard procedure of X-ray diffraction (XRD) measurements on carbon materials [ [41] ]. d002 was determined from the diffraction angle of the carbon (002) reflection, while Lc was calculated from the full width at half maximum (FWHM) of the (002) reflection (see Fig. 4 ).
Fig. 3. Real surface morphology for (A) ethanol infiltrated sample (CNTF-E-I), (B) ethylene glycol infiltrated sample (CNTF-EG-I), (C) ethanol infiltrated + HNO3 acidized sample (CNTF-E-I-A), and (D) ethylene glycol infiltrated + HNO3 acidized sample (CNTF-EG-I-A). Inserts
Representative XRD graphs of the four functionally manipulated CNT fibers are shown in literatures [43] , [44] . Significantly, the Lc values for all four fibers are around 1.2 nm (listed in Table 1 ), agreeing well the average three-walled structural feature of CNTs. This result suggests that both densification and functionalization processes would not change the wall spacing or wall number within a CNT, which means the thermal conductivity of an individual CNT would not be changed appreciably after densification and functionalization. Therefore, any difference in electrical and thermal transport induced by using the proposed treatment approaches, i.e., densification and functionalization, is only attributed to the variation of the inter-bundle electrical and thermal conductance. 
(A), (B), (C) and (D) corresponds to CNTF-E-I, CNTF-EG-I, CNTF-E-I-A and CNTF-EG-I-A, respectively.
As the CNT fiber presented relatively low crystallization, which makes it difficult to obtain accurate values of another important nanoscale structure parameter, i.e., the average length of ideal graphene layers fringes L1 from XRD measurement, which is the maximum length before the graphene shells constituting multi-wall CNTs start to distort, Raman spectrometry was considered as the proper tool to determine L1 [45] - [47] . Unlike using CNT powders for XRD, we used complete individual CNT fibers attached to the silicon wafer with their both ends fixated by conductive silver paint to perform Raman spectroscopy characterization. Raman spectra were collected using a Renishaw Raman system, inVia-ReflexTM with an excitation laser wave-length of 532 nm, an excitation intensity of 5 mW, and a data acquisition time of 10 s. The laser beam was focused to a spot of 1~2 m approximately in diameter by a 50× microscope objective. The
Raman band of silicon wafer at 520 cm -1 was used to calibrate the spectrometer.
The Raman spectra obtained are presented in Fig. 5A . Two typical peaks, D (defect) peak and G (graphite) peak were shown and no splitting was observed for them. The G peak at about 1592 cm -1 just represents G + component which is associated with carbon atom vibration along the nanotube axis (LO phonon mode) and its frequency is sensitive to doping induced charge transfer. The G peak positions for our functionalized samples were not shifted appreciably, which suggested no phonon stiffening or softening effect were introduced during the infiltration and acidization processes. The D peak at approximately 1347 cm -1 which is indicative of defects in the CNT samples did not shift appreciably after moderate acidization, which manifested the extra defect concentration introduced via moderate acidization was negligible and thus probably would not markedly induce electron and phonon scattering which is the culprit for reducing electrical and thermal transport. Generally, the ratio of the intensities of the two Raman peaks at D-band and G-band (ID/IG) is given as a quasi-quantitative assessment of quality of CNT samples. According to the results reported by Tuinstra and Koenig [46] and Matthews, et al. [47] for polycrystalline graphite, the ratio ID/IG scaled linearly with 1/L1. Therefore, based on their empirical linear relationship between ID/IG and 1/L1 (see Fig. 5B ), the values of L1 were deduced to be ~6 nm (Table 1) . Since all the samples for Raman characterization remain their original shape and structure, the obtained values of L1 reflect the magnitude of average contact length of contiguous CNTs within the CNT fibers. The negligible variations of L1 after densification and functionalization suggest that lengthwise bundle contact structure does not change appreciably for the present treatment scheme. And thus any changes in the inter-bundle electrical and thermal conductance is only attributed to variations in inter-bundle spacing and additional pathways. 
Electrical and Thermal Conductivity Measurement
For electrical and thermal characterization, the individual functionalized CNT fiber was suspended on four parallel Cu pads laid out on a printed board [ [36] ]. The Cu pads and the printed board served as a heat sink for the fiber specimen during the measurement. The contact resistance between the fiber and Cu pads caused by silver paste bonding is estimated < 8.3% of the total resistance [ [36] ] which would not ruin the confidence of the measured electrical and thermal conductivity of the fiber. The electrical conductivities of the CNT fibers were measured by using a four-probe resistivity meter. A current of ~ 3 A was introduced into the fiber via two outside Cu pads and the voltage of the in-between part of the fiber was extracted through its connection with two inside Cu pads using a voltmeter. The electrical conductivity was then calculated using the definition =l/RS. The length of the in-between part of the fiber l and the cross-section area S were measured according to the FESEM images. To avoid irreversibility caused by dopant desorption during temperature elevation [48] , alternate heating and cooling cycling measurements were performed and the reported values were relatively stable values after two or three cycles.
The thermal transport measurement was performed using the self-heating 3 technique (Fig. 6 ), which is believed suitable for one-dimensional conductive wire with the diffusive nature of electronic conductivity [49] - [51] . This is a direct frequency domain quasi-steady-state measurement technique, which can determine thermal conductivity and thermal diffusivity simultaneously. In this technique, the individual fiber is used as the heater and thermometer to determine its average temperature rise. Unlike electrical measurement, considering the lengthdependent radiation heat loss, a set of samples with various lengths within 0.5~20 mm from identical CNT fibers were detected for studying the length dependence of thermal transport. The During the measurement, the whole test structure was put into a vacuum chamber to remove the convection influence. An alternating current I0sin t was applied through the two outside pads, inducing a modulated temperature rise of the suspended in-between part of the fiber at an angular frequency of 2 , which further resulted in a 2 modulated electrical resistance, and finally created a third-harmonic response between the two inside pads, U3 [49] : 
where the subscript rms corresponds to the effective value, U3 is the amplitude of the third harmonics, L is the length of the in-between part of the fiber, ap is the apparent thermal conductivity in the axial direction, S is the cross section area, CR is the temperature coefficient of resistance (TCR) of the fiber, f is the frequency of the alternating current, is the phase angle of the third harmonic voltage, and ap is the apparent thermal diffusivity. 
Results and discussion
Temperature-programmed electrical transport
The electrical conduction of non-condensed and non-functionalized CNTF has been revealed for the case at low temperature, which verifies a three-dimensional (3D) variable range hopping (VRH) mechanism ( ~T -1/4 ) dominantly control the electrical transport behaviour for CNT fiber owing to the extremely localized charge carriers stemming from the small cluster size.
[ [52] , [53] ] However, the direct 3D VRH formula is not applicable to the condensed and functionalized CNTF near RT zone as the slope of electrical conductivity curves becomes rather small. The decisive effect of temperature-induced thermal fluctuation on the success probability of electron tunneling suggests a temperature programmed RT electrical conductivity could be realized for our CNT fibers. 
Nanostructure-programmed electrical/thermal transport
The measured RT apparent thermal conductivity and thermal diffusivity for the CNT fibers with different inter-bundle interfaces using 3 technique is shown in Fig. 8 . The measurement uncertainty in thermal conductivity and thermal diffusivity of an individual carbon fiber is estimated within 12.2% and 8.8% [ [36] ]. There are a few interesting points to note. First, in contrast to electrical conductivity, it is observed that the measured thermal conductivities of long specimens are much higher than those of short ones and become saturated at a distance below 2 mm. The thermal diffusivity shares the same trend. This phenomenon is consistent with that observed in MWCNT sheet by Aliev, et al. [[27] , [50] It is believed that the distance dependence is attributed to the radial heat loss through thermal radiation, and the apparent thermal conductivity under vacuum condition can be quantitatively expressed as [ [27] , [50] , [51] (6) and (7) with the measured experimental data. The fitting parameters are shown in Table 1 and yield the average diameter of individual one-dimensional heat channels, D ≈ 9~10 m. This value is surprisingly close to the fiber diameter we found from the FESEM statistical analysis.
Nevertheless, the specific heat deduced from the measured and using Cp = / is insensitive to the radial heat loss (Fig. 8A) , which yields the value of Cp = 760 J/kgK. This value is consistent with the reported result from other researchers [ [51] , [57] ]. According to the Wiedemann-Franz law [ [42] , [57] ], the electronic contribution to the RT thermal conductivity is estimated to be 0.2, 0.2, 0.4 and 0.5 W/mK for our fibers, which is much smaller than the measured value. This verifies that it is the phonon rather than the electron that dominates the heat conduction in these fibers. By deducting the electronic contribution from the measured thermal conductivity, the phonon contribution or called lattice thermal conductivity ( L) is obtained, shown in Table 1 . (6) and (7), respectively. Fitting parameters are shown in Table 1 The quadratic dependence on length for apparent thermal transport phenomenon for functionalized CNT fibers is observed and quantitatively described in Table 1 (Column ap and ap). This accurate quadratic dependence, owing to radial radiation heat loss, enables CNT fibers a unique length programmed thermal transport performance. In addition, distinguishable thermal conductivity and thermal diffusivity for the four densified and functionalized samples (shown in is the fraction of successful contact for contiguous bundles on a cross-section. B has large uncerntainty since it is hard to figure out the accurate number of dangling CNT ends, loops and misalignment of nanotubes. According to the experimentally obtained thermal conductivity, the total thermal resistance of a fiber unit can be calculated as Combined with Eqs. (8)- (9) and the known data listed in Table 1 , the inter-bundle interface thermal conductance Gt and interface electrical conductance Ge were deduced. According to the calculation, the most important factor determining electrical and thermal transport in CNT ensembles is still believed to be Gc [ [60] - [63] ] even though the CNTs is up to 260 m long. It is to be noted that the large uncertainties of deduced values for Ge and Gt stem from the uncertainty of the value of B. However, the value of B for the four fibers should be almost the same as the fabrication process and conditions are identical. Therefore, the evolution trends for Ge and Gt are still credible even if the magnitude could be smaller in the case of more failure of inter-tube connections. Clearly from the estimated results for Ge and Gt summarized in Table 2 , the interbundle interface electrical and thermal conductance are greatly enhanced via physical infiltration and short covalently bonding linkers. More significantly, by comparing the inter-bundle interfacial thermal and electrical conductance for the four functionalized samples, we can clearly discern their programmable potential, as sketched in Fig. 10 . Local densification induced by polar protic liquid infiltration encourages individual CNTs to form larger bundles which can remarkably bring about two benefits for the enhancement of the overall transport: shortening the spacing for adjacent CNT bundles at the contact sites (shown in Fig. 9 Therefore, we can envisage that programmable potential for electrical and thermal transport of CNT ensembles could be realized through proper physical densification and chemical functionalization manipulations. It is important to note that this programmable operation of unique electrical and thermal properties at inter-bundle interfaces allow us to exquisitely elevate the inter-bundle interfacial electrical and thermal conductance of the CNT fibers in order to attain enhanced electrical and thermal conductivity. 
Conclusions
In summary, we proposed a programmable functionalization and densification manipulation scheme for improving the thermal and electrical transport of CNT assembled fibers. The manipulation scheme includes: i) length programmed apparent thermal conductivity and thermal diffusivity of CNT fibers based on accurate quadratic equations, summarized in Table 1 ; ii) temperature programmed RT electrical conductivity of CNT fibers based on FIT mechanism, listed in Fig. 7 ; and iii) nanoscale structure programmed inter-bundle electrical and thermal contact conductance, sketched in Fig. 10 . The first scheme is based on the rigid quadratic dependence of radiation heat loss on fiber length, and the second is according to the decisive effect of temperature-induced thermal fluctuation on the success probability of electron tunneling. The third is on the basis that inter-bundle interface conductance dominates the electrical and thermal transport in CNT assembles, believed to be the most intricate but effective tuning approach. Creating local densification and short covalently bonding linkers between contiguous bundles are proved effective for realizing nanoscale structure variations. Local densification induced through polar protic liquid infiltration contributes to stronger inter-tube interation and narrower inter-bundle spacing at the contact sites compared with non-densification CNTF, which performs like a multiplication operator for inter-bundle electrical and thermal contact conductance. VFPs created through short-time concentrated HNO3 acidization substantially shift down the defect band to the Fermi level and provide strong covalent bond favorable to transferring thermal vibrations, which works like an addition operator for interbundle electrical and thermal contact conductance. Our finding that the electrical and thermal transport of CNT fibers have programmable operation potential will guide future development of controllable CNT-based thermal and electrical management nanodevices in energy conservation and conversion, information technology and medical therapy.
